Drug Development Unit, The Royal Marsden NHS Foundation Trust, Sutton, Surrey, SM2 5NG, UK Background: Abiraterone and enzalutamide are novel endocrine treatments that abrogate androgen receptor (AR) signalling in castration-resistant prostate cancer (CRPC). Here, we developed a circulating tumour cells (CTCs)-based assay to evaluate AR expression in real-time in CRPC and investigated nuclear AR expression in CTCs in patients treated with enzalutamide and abiraterone.
Nonetheless, a rise in serum prostate-specific antigen (PSA) is observed in the majority of patients progressing on either treatment, suggesting reactivation of the AR signalling pathway and maintained PSA expression. In support of this, PSA expression together with downregulation of PSMA has been demonstrated in circulating tumour cells (CTCs) from patients progressing on abiraterone (Miyamoto et al, 2012) . Although expression of PSA is predominantly under the control of the AR in early prostate cancer, recent studies suggest that other steroid receptors, such as the glucocorticoid receptor share DNA-binding sites with the AR, can induce expression of PSA and other key AR-regulated genes and in doing so, mediate resistance (Arora et al, 2013; Sahu et al, 2013) . In addition, the widespread use of AR-targeted therapies may produce the emergence of prostate cancer that no longer depends on AR signalling with neuroendocrine features (Beltran et al, 2012) . A major question currently is whether AR-based progression is a predominant mechanism mediating resistance or whether other mechanisms, including bypass of AR and an ARindependent prostate cancer, are more common in CRPC progression.
Although we and others have established tumour biopsy programs for CRPC patients, a significant proportion of patients do not have disease that is amenable to biopsy and not all biopsies contain cancer. Moreover, single tumour biopsies may not be representative of all metastases. CTCs can be isolated from blood in a non-invasive approach, and serve as a 'liquid biopsy' that might provide the opportunity to non-invasively and repeatedly sample representative tumour cells, and thus provide information concerning molecular characteristics of tumour, tumour heterogeneity and changes that occur with treatment in real-time. Two studies highlighted the potential utility of assessing dynamic changes in AR in CTCs in monitoring CRPC (Darshan et al, 2011; Miyamoto et al, 2012) .
Various methods have been developed for the identification and isolation of CTCs in blood, mostly employing enrichment strategies based on the physical properties or size, or positive/ negative selection using cell-surface antigens or other biological properties of these cells . To date, the CellSearch system is the only Food and Drug Administration (FDA)-approved platform for the capture, analysis and enumeration of CTCs. The CellSearch system, in addition to enumeration of CTCs, offers the advantage for additional characterisation with user-defined markers of interest, by adding an antibody directly conjugated to fluorescein isothiocyanate (FITC) and further image capture on the fourth fluorescence (FITC) channel. This approach has previously been used to individually study various cell surface markers, including IGF-1R, Her-2 and EGFR (de Bono et al, 2007; Punnoose et al, 2012; Ligthart et al, 2013; Liu et al, 2013) . However, to detect nuclear markers, an additional 'off-line' permeabilisation step and staining of CTCs has previously been described as a necessary step to detect nuclear expression of proteins such as phosphorylated H2AX (gH2AX) (Wang et al, 2010) . In this study, we aimed to develop an online CTC-based assay on the CellSearch system for real-time quantitation of nuclear AR expression in CRPC patients, and investigate the association between nuclear AR expression and treatment with novel AR-targeting agents, enzalutamide and abiraterone.
MATERIALS AND METHODS
Patients. Peripheral blood (7.5 ml) was collected from metastatic CRPC patients with histologically confirmed prostate cancer starting or progressing on abiraterone or enzalutamide and from healthy volunteers. All patients and healthy donors gave their written informed consent and were enrolled on institutional protocols approved by the Royal Marsden NHS Foundation Trust (London, UK) Ethics Review Committees (Research Ethics Committee (REC) 04/Q0801/60).
Cell lines and drug treatment. Prostate cancer cell lines 22Rv1 (#CRL-2505), LNCaP (#CRL-1740), VCaP (#CRL-2876), PC3 (#CRL-1345) and DU145 (#HTB-81) were obtained from the American Type Culture Collection (ATCC) and cultured according to ATCC recommendations. Enzalutamide was synthesised using the publicly available chemical structure and checked by mass spectrometry.
AR immunofluorescence (IF) staining on CTCs and manual CTCs enumeration. Peripheral blood was collected into CellSave preservative tubes (#7900005, Janssen Diagnostics, LLC, Raritan, NJ, USA) and processed within 96 h. The CellSearch system (Janssen Diagnostics, LLC) was used for the enumeration of CTCs. This technology relies on the expression of epithelial cellular adhesion molecules by epithelial cells and the isolation of these cells by immunomagnetic capture using anti-epithelial cellular adhesion molecule antibodies. The enriched cells were stained by IF using antibodies specific for Cytokeratin (keratin 8, 18 and 19) conjugated to Phycoerythrin (CK-PE), anti-CD45 conjugated to Allophycocyanin (CD45-APC) and the nucleic acid dye 4 0 , 6-diamidino-2-phenylindole (DAPI). A user-defined assay utilising the CellTracks Autoprep system for the detection of AR by IF on single CTCs was performed with an AlexaFluor 488-conjugated rabbit monoclonal antibody (clone D6F11, #7395, Cell Signaling Technology, Danvers, MA, USA) directed against the aminoterminus domain of the AR. The antibody was used at a concentration of 2.5 mg ml À 1 (1 : 10) diluted in PBS and a permeabilisation solution to improve intracellular/nuclear staining with a concentration of 5 Â Perm/Wash Buffer (BD Biosciences, San Jose, CA, USA). For one sample, we mixed 45 ml of AR antibody from a 25 mg ml À 1 stock solution to 225 ml of a stock solution of 10 Â Perm/Wash Buffer and 180 ml of PBS for a final volume of 450 ml. The antibody mixed with Perm/Wash buffer and PBS solution was then added to the CellSearch reagent cup and placed in the position one of the carrier reagent tray of the CellTracks Autoprep system. Images of stained events were captured on the CellTracks Analyzer II (Janssen Diagnostics, LLC) and manually examined to determine the presence of CTCs and number of AR-positive CTCs. An event was classified as a manual CTC (mCTC) if the features were consistent with an epithelial tumour cell as previously described (Allard et al, 2004) . The number of mCTC is presented per 7.5 ml of blood. All images on the fourth channel (FITC) were captured using an integration time of 0.8 s.
Automated CTC enumeration and nuclear AR quantitation. The exported image files from the CellTracks Analyzer II were reanalyzed using an automated algorithm developed in Matlab (Matworks, Natick, MA, USA) as previously described (Ligthart et al, 2011 (Ligthart et al, , 2013 . This algorithm was modified to measure nuclear AR expression ( Figure 1A) . Briefly, this algorithm evaluates all CK-PE-positive events above a threshold determined per cartridge. An event becomes an automatically detected CTC (aCTC) when it meets the following attributes: size range between 75 and 500 pixels, CK-PE standard deviation above 50, a DAPI peak value of at least 170 arbitrary units (a.u.) and a CD45-APC maximum value of less than 60 a.u. If an event had a standard deviation for CK-PE below 50, it was classified CK-negative/weak. A cartridge-wide threshold was also determined for DAPI. The average AR expression inside both the nuclear mask and the cytokeratin-based mask was calculated. The AR-FITC was corrected by subtracting the surrounding background. Automated classification for whether a CTC was positive or negative for AR was based on the threshold set using AR-negative prostate cell lines (25 a.u.).
Fluorescent in situ hybridisation (FISH). FISH was performed on CTCs as previously described (Attard et al, 2009b) with probes covering regions at the centromere of the X chromosome (APClabelled) and the AR gene (FITC-labelled). Fluorescent in situ hybridisation signals in individual CTCs were determined to assess AR gene status. AR amplification was considered to be present when the AR gene to X chromosome ratio was greater than 1.5. Leukocytes were used as internal controls.
Multiplex IF on tissue. Multiplex IF staining was performed on 4 mm sections from formalin-fixed paraffin-embedded tissue using antibodies against CD45 (#M070129-2, 1 : 200, clones 2B11 þ PD7/26, Dako UK Ltd, Ely, Cambridgeshire, UK) detected with a goat anti-mouse antibody-conjugated to AlexaFluor 555 (#A21422, 1 : 200, Life Technologies, Paisley, UK); Pan-cytokeratin-conjugated to AlexaFluor 647 (#4528, 1 : 200, clone C11, Cell Signaling) and AR-conjugated to AlexaFluor 488 (#7395, 1 : 50, clone D6F11, Cell Signaling). Slides were imaged with a multispectral automated fluorescence microscope (Vectra, PerkinElmer, Seer Green, Beaconsfield, Buckinghamshire, UK) and AR nuclear intensity analysed using inForm v.2.0 (PerkinElmer).
Statistical analysis. The primary aim was to evaluate the association between CTC AR expression and prior treatment with abiraterone or enzalutamide. Secondary aims included evaluation of CTC AR expression and changes in CTC AR expression and clinical response as defined by PCWG2 criteria (Scher et al, 2008) . Independent t-tests, and Pearson's Chi-Square were used to compare continuous and categorical variables. All tests were twosided and a P-value of 0.05 or less was considered statistically significant. Spearman's rank correlation was used to evaluate the degree of correlation between two continuous variables. Survival was measured from the date of first blood draw to the date of last contact or death from any cause. The Kaplan-Meier product-limit method was used to estimate the median overall survival. The survival rates were compared using the log-rank test. Univariate . Assay development for the AR marker using the CellSearch system. (A) Mean AR intensity was determined by automated image analysis. Each frame was evaluated for CTC using a global CK-PE threshold (I). After classification (II), the mean AR-FITC intensity was determined inside the Cytoplasm (III) and Nucleus (IV). (B) Prostate cancer cell lines were spiked in healthy volunteer (HV) blood and detected on the CellSearch platform. Median nuclear AR intensity of individual cells ± interquartile range (IQR) is plotted. AR nuclear intensity was determined using the automated algorithm. ****Po0.001, One-way ANOVA followed by Dunett's multiple comparison test. (C) Representative images of AR expression in five prostate cancer cell lines detected on the CellSearch platform. PC3 and DU145 cells were used as negative controls and displayed absence of AR expression. 22Rv1, LNCaP and VCaP were used as positive controls. (D) LNCaP cells were grown in RPMI supplemented with 10% FBS and treated with indicated concentrations of enzalutamide or vehicle (DMSO 0.2%) for 24 h before spiking in HV blood. Cells were then isolated and detected on the CellSearch platform. AR nuclear intensity was evaluated using the automated algorithm. Median±IQR is showed. ****Po0.001, One-way ANOVA followed by Dunett's multiple comparison test.
and multivariate analysis of the independent factors for overall survival was performed using the Cox proportional hazard regression model with a 95% confidence interval. Descriptive statistics and survival analyses were performed using IBM SPSS Statistics v.22 (IBM, Portsmouth, Hampshire, UK) and GraphPad Prism v.6.04 (GraphPad Software, Inc., La Jolla, CA, USA).
RESULTS
Evaluation of AR expression in circulating prostate cancer cells. For CTC isolation and characterisation, we used the CellSearch system. The platform allows introduction of additional staining with an antibody conjugated to a fourth fluorophore. In this study, we aimed to develop an assay to detect AR expression in CTCs by introducing an anti-AR antibody directly conjugated with AlexaFluor 488 (AR-AF488) to the immunostaining step on the CellSearch platform. The AR-AF488 antibody binds the aminoterminus of the receptor and therefore it can detect both full length and the constitutively active truncated AR splice variant (e.g., AR-V7). We first established the optimal AR-AF488 antibody concentration, by testing a range of concentrations on VCaP (AR-positive) and PC3 (AR-negative) prostate cancer cells, first plated directly onto slides (Supplementary Figure 1) and subsequently spiked into blood and captured on CellSearch. We then confirmed that cells need to be maintained in a permeabilised state during incubation with AR-AF488 in order to achieve the best intracellular/nuclear staining (Supplementary Tables 1 and 2 ). Our assay had the advantage that captured cells were permeabilised and stained for AR, CK, CD45 and DAPI in one step without removal of cartridges from the CellSearch system. We were able to distinguish differential levels of nuclear AR in a broader panel of prostate cancer cell lines and decreases in expression of nuclear AR in LNCaP cells treated with the AR antagonist enzalutamide ( Figure 1B-D) . We then compared our assay with the standard CellSearch protocol and found no significant differences in CTC numbers in two contemporaneously collected samples from 14 patients (P ¼ 0.5, Wilcoxon's signed-rank test) (Supplementary Table 3 ). Only in 1 of the 14 samples examined, the classification changed from favourable (4 CTCs) to unfavourable (8 CTCs) when the AR antibody was added. Next, to determine assay variability for CTC detection and AR expression, we compared replicate samples collected at the same time from three patients (Supplementary  Tables 4 and 5 ). Minimal intra-run, intra-day and inter-day variability was observed.
AR expression in CTCs from CRPC patients. AR expression in CTCs was evaluated in 94 samples from 48 metastatic CRPC patients. Details of patients' characteristics are summarised in Table 1 . The standard CellSearch operator-scored CTC (mCTC) count ranged from 0 to 4268 (median 8, mean 133.8) with 1 or more CTC identified in 80/94 samples (85%). In addition to enumerating CTCs, we also manually scored CTCs as AR-positive or -negative. However, operator quantitation of IF staining could be subject to bias and could be especially inaccurate on CellSearch owing to artificial post-capture enhancement of images. We therefore adapted our previously published algorithm (Ligthart et al, 2011) to allow automated identification and quantitation of nuclear AR in CTCs. We subjected unprocessed captured data to automated identification and quantitation of CK, CD45 and AR staining intensity. The correlation between the numbers of events categorised as CTCs in each sample by standard operator (mCTC) and automated assessments (aCTC) was good with an R 2 of 0.94 ( Figure 2A ). As previously reported in other patient cohorts (Ligthart et al, 2011) , an unfavourable aCTC count (Z4 CTC/ 7.5 ml) was significantly associated with worse survival in our 48 patients (HR 3.2 95% confidence interval 1.3-6.5 Log-Rank P ¼ 0.01) (Supplementary Figure 2) . Of 11636 aCTCs, 4223 (36%) were AR-negative by automated algorithm. Mean cell AR intensity (overlapping with the CK mask) and nuclear AR intensity (overlapping with the DAPI mask) for the 7413 AR-positive aCTC were calculated. We observed a high correlation between the classification of manually scored and automated CTC as ARpositive but poor correlation for intensity of AR staining. This was in keeping with our expectation given post-capturing processing and enhancement of images presented on CellSearch, which occurs prior to operator review. We confirmed that median AR intensity and percentage of AR-positive aCTC was not influenced by total aCTC number or number of white blood cells (Supplementary Figure 3A and B) . The median AR intensity of white blood cells was below the set threshold to define AR positivity (Median 4.8; Minimum 0.4-Maximum 13.1). Interestingly, when reviewing images, we observed a correlation between non-intact CTCs (with pycnotic and/or fragmented nuclei) and weak/absent AR staining ( Figure 2B ), defined by distinct features shown in Figure 2C . This suggested that AR negativity in CTCs may be at least in part related to in vivo or ex vivo artefacts related to loss of cellular integrity.
CTC AR nuclear expression in abiraterone-or enzalutamideresistant CRPC. We then examined AR expression in aCTCs from CRPC patients according to prior exposure to abiraterone or enzalutamide therapy. We selected samples with at least four aCTCs and classified every aCTCs as AR-negative or AR-positive and then every one of the AR-positive aCTC into one of four quartiles ( Figure 2D ). We observed inter-patient and intra-patient heterogeneity in expression of AR in aCTCs ( Figure 3A) . Overall, we did not find significant changes in AR expression (median intensity and distribution of AR-positive classes) between aCTC from abiraterone and enzalutamide-naïve patients (n ¼ 11) and patients who had progressed on abiraterone or enzalutamide but continued (n ¼ 9) or discontinued (n ¼ 12) treatment ( Figure 3B ). Median nuclear AR intensity was 17.8 (IQR 13.9-50.6) in the Figures 4A and B) . We also investigated intra-patient changes in AR expression in eight patients with sequential samples collected before starting treatment and at progression. In five patients, there was an increase in median nuclear AR expression in aCTC at progression compared with pre-treatment ( Figure 3C ). Overall, these data suggest that AR nuclear expression is maintained or even increased in CTC at progression on abiraterone and enzalutamide in a proportion of patients. We did not identify a shift to AR-negative CTC in our cohort of patients. To support these CTC data, we also performed AR IF on fresh tumour tissue biopsies from 13 CRPC patients progressing on abiraterone and still on-treatment and confirmed maintained nuclear AR expression ( Figure 3D ).
Detection of AR-positive and CK weak/negative circulating cells. Automated analysis of epithelial cellular adhesion moleculepositive events captured on CellSearch with additional AR staining identified a sub-class of AR-positive, CD45-negative, intact, nucleated circulating cells that had negative or weak CK (CK-) expression. CK-AR þ CD45-nucleated cells counts ranged from 0 to 286 (median 2; mean 21) in CRPC patients and significantly correlated with traditional CK-positive aCTC (R 2 0.72; Po0.0001) ( Figure 4A ). More than four CK-AR þ CD45-events were found in 18/48 (37.5%) CRPC patients and were not observed in male healthy volunteers or other tumour types ( Figure 4B ). We detected AR amplification or AR copy number/X chromosome gain in three of these patients supporting a malignant origin of these CK weak/ negative circulating cells ( Figure 4C ). The total number of CK 5104  5085  5133  5148   5061  5085  5111  5102  5069  5042  5055  5133   5069  5145  5061  5111  5039  5127  5102  5107  5103  5113  5086  4081  4048  4002  5124  5071  5064  5025  5083  5054  5020  5134  4082  5042  5075  5055  5106 weak/negative cells was associated with overall survival in univariate Cox Regression analysis (continuous) (P ¼ 0.004) in CRPC patients.
DISCUSSION
The mechanisms that underlie resistance to the novel AR targeting agents, abiraterone and enzalutamide, and how to overcome these are largely unknown, and their elucidation is a priority in prostate cancer research. A major question currently is whether the predominant mechanism mediating resistance is still through AR or whether AR-independent mechanisms are more common. In this study, we aimed to evaluate nuclear AR expression in CRPC patients treated with the AR-targeting agents abiraterone and enzalutamide. We developed an online protocol to determine in real-time nuclear AR expression in CTCs using the CellSearch system, and we employed an automated algorithm to identify CTCs and quantify AR expression. We compared patients grouped by absence of prior exposure vs resistance to abiraterone or enzalutamide. We observed large intra-and interpatient heterogeneity of AR expression in CTCs, but we did not find a significant difference in nuclear AR expression in CTCs in resistant CRPC. Furthermore, we confirmed this conclusion in patient-matched CTC samples collected before starting treatment and at progression (n ¼ 8), and in tumour biopsies from patients progressing on abiraterone (n ¼ 13). We collected samples during the first cycle of treatment but owing to a rapid decline in CTC count in patients who responded to treatment, we were unable to demonstrate whether a decline in PSA was associated with reduced AR expression in CTCs because of insufficient CTCs captured for these evaluations. Owing to the requirement to co-stain for CK, CD45 and DAPI to identify CTCs, we were limited to evaluation of only one additional marker on CellSearch. Our data suggest absence/low AR expression as a possible artefact of loss of cellular integrity despite cells remaining CK-positive. Previous studies have used markers of apoptosis such as M30 to identify the loss of viability in CTCs and demonstrate that this associated with failure of FISH to work (Larson et al, 2004; Swennenhuis et al, 2009 ). Our observations suggest that AR negativity in CTCs should be interpreted with caution. In addition, with this AR assay we identified circulating cells that are AR-positive but CK-negative/weak. In three patients, we were able to confirm the malignant origin of these circulating cells by AR FISH. These events could either represent a biologically distinct sub-type associated with an epithelial-mesenchymal transition (Bitting et al, 2013) or traditional CTC with weaker CK staining because of a technical limitation or imaging artifact. Further studies are required to confirm the nature of these CK-weak/negative circulating cells. Critically, they would be missed using standard CTC criteria but are amenable to molecular characterisation.
Several mechanisms have been proposed that can explain our observation of maintained nuclear AR expression at progression on abiraterone or enzalutamide, including the presence of activating AR mutations or the expression of truncated AR splice variants (Attard et al, 2009a; Richards et al, 2012; Carreira et al, 2014) . The antibody used in this study targets the amino-terminus of the AR and cannot therefore discriminate between full-length AR and truncated splice variants. The latter may cause resistance to drugs targeting the ligand-binding domain of the AR such as abiraterone and enzalutamide and explain AR nuclear localisation in patients progressing on these agents (Antonarakis et al, 2014) . Up to this day, we are not aware of a sufficiently robust conjugated antibody for the detection of AR splice variants (e.g., ARV7, AR 567es ) that could be used on the CellSearch platform. However, the protocol we present could be adapted to study AR variant specific antibodies if they become available. In summary, we developed a non-invasive method to monitor AR nuclear expression in CRPC. Our studies suggest no change in nuclear AR expression following development of resistance to novel endocrine agents in CRPC. Owing to the significant heterogeneity of AR expression in CTCs, studies in larger cohorts of patients are required to identify associations with outcome.
